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A solar power system has been considered to increase the generation capacity of a mine site located 
in the Pilbara region of Western Australia. The Mine Site has recently upgraded the gas turbines 
operated on site to increase the power output of the power station. This research has used the 
upgrade of the gas turbines as a basis to compare the feasibility of integrating a solar power system 
as an alternative form of generation.  
The summary findings are that it is feasible to integrate a 4MW solar power system into the Mine 
Site. In addition, it was found that there are significant environmental benefits that are associated 
with the solar power installation. These include a significant reduction in water consumption, a 
cutback in the sites fossil fuel requirements and a decrease in the power station’s carbon emissions.     
Although the simulation results within the study indicate that the Mine Site’s hourly averaged, peak 
load profile does not benefit from the introduction of a battery energy storage system (BESS), this 
study has not taken into consideration the potential benefits of implementing a BESS to smooth out 
the Mine Site’s actual load profile. The Mine Site may also benefit from a BESS to offset the 
detrimental effects high ambient temperatures have on the performance of the gas turbines.  
A sensitivity analysis showed that when the renewable fraction of the hybrid system was increased 
to expand the PV array size beyond 4MW, the solar integration was no longer feasible. Additionally, 
the simulations indicated that there was no cost or environmental benefits of operating the Mine 
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Glossary of Terms 
 
AC = Alternating Current 
BESS = Battery Energy Storage System 
CB = Circuit Breaker 
CO = Carbon monoxide 
CO2 = Carbon Dioxide 
DC = Direct Current 
DG = Diesel Generator  
GE = General Electric 
GHG = Greenhouse Gas 
GPM = Gallons Per Minute 
GT = Gas Turbine 
Homer = Hybrid Optimisation of Multiple Electric Renewables 
HPC = High Pressure Compressor 
LM = Land and Marine 
LP = Low Pressure 
LPC = Low Pressure Compressor 
MWh = Mega Watt Hour 
NG = Natural gas  
NOx  = Nitrogen Oxides 
NPC = Net Present Cost 
O&M = Operations and maintenance  
O2 = Oxygen  
PI = Process Information 
PPS = Primary Power Station 
PSH = Peak Sun Hours: Number of sun hours equivalent to 1000Wh/m^2 
REF = Renewable Energy Fraction 
SPRINT = Spray Intercooling 
SPS = Secondary Power Station 
TF = Transformer 





Western Australia is a world leader in mineral commodities and is home to 111 principle mining 
projects and hundreds of smaller quarries and mines, producing over 50 different commodities [1] . 
Many of the mine sites within Western Australia operate via grid connected power, whilst other 
mines which operate in more remote areas and those that require larger amounts of generation, are 
equipped to produce power independently from the grid. Power generation within the mining sector 
poses a potential opportunity to reduce the amount of fossil fired generation within the state, by 
integrating utility scale sized renewable energy (RE) generating facilities into the power system, to 
contribute generation to the distribution networks within the mine sites. Currently, the electricity 
sector represents around 36 per cent of Australia’s total greenhouse (GHG) emissions [2]. However, 
if consideration for RE is put to the fore front when a company is designing the power system for a 
new facility or when upgrading the generation capacity of an existing site, the magnitude of 
emissions generated by the electricity sector has the potential to be significantly reduced. 
 
The objective of the study is to determine the feasibility of integrating a RE power system into the 
distribution network of a mine site located within the Pilbara region of Western Australia. Located 
beneath the northernmost region of the state, the Pilbara can experience temperatures in excess of 
45 degrees Celsius [3]. On the mine site the main source of generation onsite comes from three 
natural gas fired, General Electric LM6000 Gas Turbines (GT’s). Depending on several factors 
including the local ambient air conditions, the LM6000 aero derivative engine is capable of 
generating 48 MW from a 2 pole, 50Hz generator [4]. The other main form of conventional 
generation onsite comes from three diesel fired Wartsilla 32 bore engines, individually capable of 




Throughout the cooler months at the mine site, the normal running configuration of the power 
station is two GT’s online and one on standby. As the summer months approach and the outside 
temperature increases, the third GT that is on stand-by is usually brought online to cover the 
increased demand of the summer load. A major project was undertaken at the mine sites power 
station (PPS) to prolong the power station’s ability to produce enough generation to cope with the 
site demand whilst operating in a two GT configuration. The project, referred to as Variable Sprint 
Project, when in operation has the ability to increase the sites generation capacity by up to 4MW 
whilst operating with two GTs online. The economic and environmental impact associated with the 
installation of the Variable Sprint Project has been analysed and used as a basis to compare the 
integration of a proposed RE system, to increase the mine sites generation capacity as an alternative 
to the Variable Sprint installation. A series of simulations have been conducted using real data from 
the power station to determine the most economical configuration of integrating the RE system into 
the mine’s network. To take advantage of the high levels of solar energy available within the Pilbara 
region, the proposed RE power system will be based upon the integration of a utility scale PV array. 
The following factors will be focused on and will dictate the outcome of the feasibility study:  
 Project costs, including: 
-Capital 
-Operation and Maintenance 
-Replacement 
-Salvage 
 Fuel consumption 
 Water requirements 
 
 GHG emissions 
 Reliability 
Through simulations, these factors have been explored with the ambition of making RE an attractive 




2.1 Site Generation 
Within the mine site there are two active power stations, the primary power station and the 
secondary power station (SPS). The PPS operates three LM6000 GT’s: GT1, GT2 and GT3. With all 
three engines online the power station has a potential generation capacity of approximately 
140MW. The SPS is a 13MW diesel fired electric facility consisting of five reciprocating engines with 
the three larger Wartsila units, DG7, DG8 and DG9 used to add spinning reserve to the network, with 
the other two generators used for black starting purposes.  
Figure 1 shows a summarised overview of the layout of both power stations. The transmission 
network on site is quite intricate. This is due to the original mine site being powered by diesel 
engines that are located at the SPS when the mine site production was a fraction of what it currently 
is. The increased production levels onsite, saw construction of the PPS and the installation of the gas 
turbines. The network had to incorporate the original infrastructure fed from the 11kV board at the 




Figure 1: Summarised Power Station Transmission Network  
With reference to Figure 1, under normal circumstances the mine is operated purely from the PPS. 
The Interconnect feeder, which is protected by the 33kV circuit breaker (BB) 52-59 links the main 
33kV bus at the PPS and the main 11kV bus at the SPS in a parallel configuration. If the secondary 
station becomes islanded, or if spinning reserve is at a low level, the diesel generators can be 
brought online to power the 11kV feeders. When the units are brought online to top up the sites 
spinning reserve, synchronisation of the SPS generation onto the Interconnect feeder occurs across 




Like most mine sites, the large machinery used to extract the desired mineral from the raw material 
dictates the magnitude of the site load. This section will briefly discuss some of the machinery 
involved in the production process and the impact of the equipment on the site load. 
2.1.1 Winder 
Both open cut and underground are the mining methods practise on site. The winder is a hoisting 
system that was designed and erected on site to transport the underground material to the surface 
for processing. When in operation the hoist is continuously consuming power as it is driven to the 
surface loaded. On the other hand, it produces power when it makes the descent underground 
empty. This movement creates an oscillating site load of approximately 7MW in magnitude that is 
demonstrated in Figure 3. The winder is fed from a feeder that spurs of the Interconnect feeder. 
2.1.2 Mills 
Each processing train consists of a ball and a semi autogenous (SAG) grinding mill. The amount of 
material being processed through the mills, as well as the speed of operation, has a major impact on 
the site load demand. Power to train 1’s and train 2’s processing mills is fed from the 33kV circuit 
breakers at the PPS, 52-56 and 52-55 respectively. When both the SAG and ball mills are operating 
each feeder draws approximately 30 MW each.   
2.1.3 Site Load 
To obtain an accurate load profile of the site, data trends relating to the real power generation 
requirements at the PPS have been collected from 15th April 2016 to 22nd March 2017.  
2.1.4 Peak Site Load 
To illustrate the site operating at a peak load, the large data trend containing the annual values was 
filtered to establish the period over the 12 months in which the load reached its maximum. This 
occurred during the afternoon on the 24th of December, when the load reached 97.9 MW. Figure 2 




Figure 2: 24 hour peak load profile from March 2016-2017 
As the data set contained multiple values per minute, a summarised plot has been developed 
showing the peak conditions experienced over an hourly interval. Figure 3 indicates that the peak 
load of 97.7MW occurred at 2:20PM. The figure also highlights the oscillating nature of the site load 






















Figure 3: 1 hour peak load profile from March 2016-2017 
2.2 Gas Turbine Performance 
As the Pilbara region experiences some of the hottest conditions within the nation, the resulting 
ambient temperature has a significant impact on the performance of the unit. An increase in 
ambient temperature creates an increase in the air inlet temperatures into the turbine, which in turn 
causes the output performance of the unit to deplete considerably. Figure 4 from the Gas Turbine 
Product Specification Brochure [6], gives an indication of the performance behaviour of the GT at 
varying ambient temperatures. The plot indicates the unit has the potential to generate a 50MW 
output when the ambient temperature is approximately 6 degrees Celsius and as the temperature 
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Figure 4: LM6000 Performance at Various Air Inlet Temperatures [6] 
In order to reduce the high air inlet temperatures, which can be experienced when these units are 
installed within areas of hot climates such as the Pilbara region, the GT’s are designed with chilled 
water coils. The chilled water coils are positioned near the entry of the combustion air inlet entry. 
High Voltage compressors are used to refrigerate water that is then pumped through the chilled 
water coils and as the air is drawn into the unit, a convection process takes place which significantly 
reduces the temperature entering the unit. This process creates a regulated GT air inlet temperature 
which is still influenced in some degree by the weather conditions. The reduction in the air inlet 
temperature allows the unit to produce a larger maximum capacity, which results in an increase of 
the station’s spinning reserve [7]. 
 
The capacity of the chilled water system at the primary power station (PPS) is designed for two of 
the three gas turbines. Each GT has a control valve controlling the flow of the chilled water. When 
the control valve is closed; restricting the water flow, the inlet air to that GT will be at ambient 
temperature. Data sets have been developed with the GT running without any chilled water to 
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illustrate the effect that ambient air temperature has on the maximum capacity, this is illustrated in 
Figure 5 and Figure 6.  
2.2.1 Summer Performance 
Like the majority of the nation, the Pilbara region experiences its hottest temperatures throughout 
the summer period of December to February. According to temperatures obtained from a sensor 
within the power station, the hottest temperature was experienced on 18th of December at 14:52, at 
44.64 degrees Celsius. Over a five day period GT1 was online with the chilled water used to reduce 
the turbines inlet air temperature switched off. A data set containing information on the maximum 
capacity of GT1 from the 16th to the 21st of December is illustrated by the green trend in Figure 5. 
The ambient temperature is shown by the red plot. This demonstrates that as the temperature 
increases, the performance of the unit decreases, with the maximum capacity of the unit reducing to 
29.86MW at 14:52 on the 18th of December, due to extreme temperatures experienced at that time. 
Figure 5 shows sudden spikes within the maximum capacity data for GT1. These spikes do not 
appear in the maximum capacity trends for GT2 and GT3 and when the data for the total station 
spinning reserve is analysed the data does not contain sharp spikes. Therefore, the readings which 
cause the random spikes within GT1 maximum capacity plot can be put down to an error within the 
software. These errors have been highlighted within the graph.  
The most extreme reduction in the maximum capacity of GT1 does not occur when the temperature 
peaks on the 18th of December at 14:52, but rather occurs on the 17th of December at 1350. This 
illustrates that although temperature has a major impact on the performance of the GT, it is not the 
only factor which can cause a decrease in the turbines performance. On the 17th of December the 
humidity level may have been at a higher level than it was on the 18th of December. Data for the 
humidity level experienced at the power station has not been obtained therefore this prediction 





Figure 5: Maximum Summer Temperature Impact on GT1 Maximum Capacity 
2.2.2 Winter Performance 
Figure 6 highlights the effects that the winter ambient air temperature has on the output of GT2. It 
can be seen that a similar relationship is experienced, although as the temperature is reduced the 
unit is able to operate at a higher capacity. The ambient air temperature experienced onsite is 
represented by the red plot and the maximum capacity in the blue plot. The hottest ambient 
temperature of the winter period was 28.83 degrees Celsius, recorded at 16:08 on 20th August 2016. 
GT2 was online at this point without any cooling and recorded a maximum capacity of 34.54MW. 
Figure 6 shows that the maximum capacity of GT2 is increased over the 18th and 19th of August, 
which represents the activation of the chilled water system to the turbine. The chilled water flow to 
GT2 is then shut down on the 19th of August and is turned back on again with the maximum capacity 
of the unit being influenced by the ambient temperature. The chilled water system is again activated 
on the 22nd of August, which is illustrated by a significant increase in the maximum capacity of the 
turbine. Figure 6 shows that when chilled water is applied to the turbine changes in the ambient 





Figure 6: Maximum Winter Temperature Impact on GT2 Maximum Capacity 
2.2.3 Comparing Season Performance 
Both Figure 5 and Figure 6 show the direct relationship between the ambient temperature and the 
maximum capacity of the gas turbine. When the maximum temperature was experienced within the 
summer period the GT maximum capacity was decreased by 4.68MW when compared to the GT 
capacity at the hottest period during the winter months. This live data shows that the ambient air 
temperature has a major influence in the performance of the LM6000 turbine. 
2.3 Variable Sprint (Spray Intercooling) Project 
As previously stated the objective of the Variable Sprint project is to prolong the PPS ability to 
operate in a two GT configuration for a longer period throughout the year. To understand the 
concept of the Variable Sprint project, an overview of the Sprint system has been included within 
the following section. 
2.3.1 Sprint 
The GE LM600 gas turbine is designed with a standard spray intercooling system (SPRINT). This 
system is designed to supply additional cooling to the turbine. This works by injecting an atomised 
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mist of demineralised water into the low pressure compressor (LPC) or high pressure compressor 
(HPC) of the turbine once the unit has reached full load operation [8]. The outcome of the water 
injection is lower HPC inlet temperature, which in turn effectively lowers the turbines firing 
temperature and allows the unit to increase its generation capacity [8]. 
The LM6000 gas turbine can be operated in either isochronous speed control or base speed control. 
When operating in isochronous control the units share the load and adjust together by sharing the 
real and reactive power requirements. When in base speed control, the power station operator 
dictates the real and reactive power by keeping the unit running at a certain set point and manually 
controlling the generator voltage. When the power set point of the unit is set to its maximum 
capacity, in base control, only then will the control system engage the Sprint system. 
The issue is that to have the ability to handle heavy load changes, at least one of the GT’s must be in 
isochronous speed control. Therefore, only one of the units can have their Sprint system enabled at 
any one time. A solution has been to implement the Variable Sprint project that has allowed two 
units operating in isochronous speed control to have their Sprint system enabled. The Variable Sprint 
project has increased the power stations capacity by up to 4MW. 
2.3.2 Variable Sprint  
To implement the upgrade, alterations had to be made to the software and hardware of the Sprint 
system. The GE control software, Woodward MicroNet had to be reprogrammed to accommodate 
for the necessary changes, as did the Sprint auxiliary, with several modifications including an 
upgrade on the demineralised water control valve. This valve is responsible for controlling the flow 
rate of the demineralised water injected into the GT. These adjustments required new cables being 
installed from the GT sub-station to the Sprint auxiliary skid of each unit. Once the installation had 
been commissioned the power station operators had the ability to enable Sprint on each GT when 
operating in isochronous control.  
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2.4 Site Water 
To provide cooling for the gas turbine in Sprint mode, the unit requires constant cooling by means of 
water. All of the water used for this purpose has to be of a certain quality, therefore once the water 
goes through a treatment process it is classified as either Basin or demineralised water.  
2.4.1 Basin Water 
To achieve a demineralised status, the raw water that is pumped into the PPS is dosed with several 
chemicals and goes through several stages of filtration, which includes reverse osmosis (RO). After 
the water has undergone a single phase of RO the purity of the water is increased by the filtration 
process and it is then classified as Basin Water [9]. Basin Water is pumped through heat exchangers 
attached to the auxiliary skids of the GT’s. This then helps to reduce the temperature of the hot lube 
oil, which is used to cool the turbine and generator bearings. 
To reduce air inlet temperatures, heat exchangers are installed within the air inlet filter housing. 
High voltage chillers are used on site to reduce the air inlet temperatures of the GT’s. Basin water is 
circulated through the condenser of the chillers and used as a medium to reduce the temperature of 
the refrigerant. This aids in changing the state of the refrigerant back to a gas. The Basin Water is 
constantly pumped through these systems and returned to a set of cooling towers that cools the 
waters temperature before being circulated through the loop again. 
2.4.2 Demineralised Water 
To create demineralised water, the water treatment process goes through an additional stage. The 
process involves the Basin Water being fed through a second stage of reverse osmosis before it is 
pumped to an electro-deionisation system referred to as E-Cells. E-Cells deionises the water by 
removing charged particle from the liquid, which converts the water to a desired pH and 
conductivity level [4]. The resulting product is demineralised water, which is safe to inject inside the 
turbine for cleaning or cooling purposes, and is used in the operation of the Sprint system.  
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2.5 GHG Emissions 
The emissions produced as a result of an organisation’s activities, such as the generation of 
electricity, are classified as direct emissions [10]. The direct emissions produced from the gas 
turbines at the PPS are tested on an annual basis to analyse the composition of the exhaust fumes 
generated by the combustion of the fossil fuel. 
Stack testing is conducted on a regular basis to ensure the emissions extracted from the engine meet 
the mandatory standard.  Stack gas, extracted as a representative position from the duct of the gas 
turbines’ engine exhaust, is collected by a probe with moisture from the stack being analysed. 
Measurements are taken to determine the amount of Oxygen (O2), Carbon dioxide (CO2), Oxides of 
Nitrogen (NO & NO2) and Carbon Monoxide (CO). The contents of an annual emissions testing report 
performed in 2014 has been summerised in Table 1. The emission testing was conducted on the 
stack exhaust of the three gas turbines when operating at maximum capacity of 48MW with the 
Sprint system enabled. 
 
Table 1: GT Emissions Report  
In order to produce simulations that resemble the operations at the Mine Site the NOx and CO 
emissions’ values that are shown within Table 1, have been used as inputs into the HOMER software. 
However, the amount of CO2 released from the combustion process has been the main focus of this 




















29/04/2014 1500 1600 48 35 3.5 54 48 4.8 14.2
Monitoring Duration
Start            End
Carbon Monoxide
mg/m^3             g/s
                     Total Oxides of Nitrogen
                                 mg/m3 as NO2                 g/s as NO2
   mg/m^3 as NO2              @15% O2                          @15% O2
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2.5.1 Diesel Generator Emissions  
The emissions generated from the Wartsila DG’s at the SPS are created during the combustion 
process. This operates on the common principle of igniting a mixture of fuel and the intake of air 
within the combustion chamber. Due to high temperatures experienced during the combustion 
process, fuel may become decomposed rather than burn, this has the potential to create pollutants 
that can have an adverse environmental effects [11]. The diesel units run inefficiently when 
operated below 50% of their capacity, as low combustion temperatures, due to low loads, can cause 
incomplete combustion. Further, this can create glazing on the cylinder walls, resulting in to pre-
mature engine wear [12]. Due to the lack of operation onsite of the diesel engines, emissions tests 
are not carried out on a regular basis. Therefore, emissions data from the diesel generators used on 
site is not available, therefore the default set parameters within the HOMER software has been used 
to calculate the emissions associated with these engines. 
2.5.2 GT Emissions Control 
The LM6000 operates by injecting natural gas fuel into a single annular combustor by means of thirty 
dual fuel nozzles. Each unit is equipped with a water injection auxiliary skid to control the emissions 
created within the combustor once the fuel air mixture is ignited. The water injection skid provides 
demineralized water to control the combustion chamber temperature [13]. When the combustion 
chamber temperature is too high the NOx levels in the gas discharged to the atmosphere will be too 
high and will therefore be above the mine site’s acceptable level. On the other hand, when the 
temperature is too low the CO emissions will be over the acceptable limit. This then demonstrates 
that the desired emission reduction occurs in a narrow band of flame temperatures [13]. 
The amount of water required to cool the combustor temperature is proportional to the amount of 
power being produced by the unit. To suppress NOx emission when the GT is operating, 
demineralised water is injected into the combustion chamber by a low pressure (LP) NOx water 
injection pump. The demineralised water injected into the combustion chamber has a nominal flow 
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rate of 3.47 litres per second. To monitor the water flow rate, the turbine control system will set off 
an audible alarm to warn the power station operator if the water to fuel ratio within the combustion 
chamber exceeds 1.6. 
2.6 Solar Integration 
Due to the geographical location of the mine site this study assesses the integration of clean solar RE 
in relation to increasing the site’s generation capacity. By incorporating a RE power system, the mine 
may be able to benefit from a reduction in GHG emissions and fuel consumption, whilst at the same 
time, reducing the site’s water consumption.  
2.6.1 Hybrid Renewable Energy Systems 
Hybrid power systems combine RE with traditional power generation such as the diesel and gas 
generators. By creating a hybrid system, difficulties associated with the intermittent nature of RE 
generation are overcome and allow a smooth integration into fossil fired power systems [14]. 
Combining renewable and conventional power sources, such as the diesel and gas generators used 
onsite, with the possibility of a battery bank for storage, creates a hybrid network that can provide 
an economic and reliable supply of electricity [12].  
2.7. Software Tools 
2.7.1 Homer (Hybrid Optimisation of Multiple Electric Renewables) 
HOMER is a software application designed by the National Renewable Energy Lab. The HOMER Pro 
software simplifies the task of evaluating designs of both grid and off-grid connected power systems 
for a variety of applications which include the ability to identify the costs and performances 
associated with different RE hybrid power systems [15]. This is achieved by the HOMER software 
performing simulations that analyse the data with optimisation and sensitivity algorithms. A set of 
results, which are best suited for the hybrid power system are returned and ranked in ascending 
order of the systems net present costs (NPC). 
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2.7.1.1 Net Present Cost (NPC) 
The net present cost refers to the value of a component whilst incorporating all costs including 
installing and operating that component over the given project lifetime, minus the present values of 
all revenue it earned over the given project lifetime [15]. In determining the feasibility of the RE 
integration the net present cost has been used when comparing different systems. 
 
2.7.1.2 Sensitivity Analysis 
In addition, a sensitivity analysis has been performed within the report to demonstrate the impact 
certain values have on an input variable. HOMER allows the user to input multiple values for a 
variable of interest and the software typically performs hundreds or thousands of simulations per 
sensitivity case [15]. Within this study sensitivity analysis has been conducted on project lifetime to 
emulate the mine sites operational mine life and the renewable energy fraction (REF). This was done 
to identify the behaviour of the system’s net present cost as the REF is increased within the hybrid 
system. 
2.7.1.3 Renewable Energy Fraction (REF) 
The fraction of the energy which is delivered to the load through the RE aspect of the hybrid power 
system, is the REF. Equation 1 is used to calculate the REF [15]: 




Equation 1: REF 
Where: 
 𝑓𝑟𝑒𝑛 = renewable energy fraction 


















2.7.1.4 Levelised Cost of Energy (COE)   
The levelised COE is defined as the average cost per kWh of useful electricity produced by the 
system. The calculation the HOMER software uses to determine the levelised COE is shown in 





Equation 2: Levelised COE 
Where: 

















2.7.2 Process information (PI) ProcessBook 
A software used onsite in conjunction with other software tools is PI ProcessBook. This software 
allows aspects of the power station to be monitored by creating dynamic trends from real-time PI 
data [16]. The PI software creates trends from data which is obtained from different instrumentation 
and control devices onsite with the data trends visually displayed within the control room, allowing 
the power station operator to simultaneously monitor multiple aspects of the power station. The 
historical data sets stored within this software have been used to create accurate simulations and to 
establish trends to analyse different factors associated with the gas turbine and its auxiliary systems. 
 
2.8 Example Case Study  
The Australian continent has the highest solar radiation per square metre of any continent and 
consequently some of the best solar energy resource in the world. The regions with the highest solar 
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radiation are the desert regions in the northwest and centre of the continent [17]. The following 
case study highlights the sustainable energy project at the DeGrussa gold-copper mine site located 
close to the Little Sandy Desert within the central rangelands of Western Australia and in close 
proximity to the Pilbara region.  The sustainable energy project at this mine gives an insight into how 
solar RE can be successfully integrated into a mine site.  
2.8.1 DeGrussa Gold mine 
The DeGrussa mine has taken advantage of the naturally occurring high levels of solar energy 
exposure that the site receives, by transforming the sites power generation. In 2016 the owner of 
the DeGrussa mine, Sandfire Resources NL, successfully integrated a PV/BESS to the 19MW diesel 
fired power station on site, with the RE system capable of generating 10.6MW and through the 
means of lithium ion batteries the capacity of storing 1.8MWh of energy [18]. The RE installation 
accommodates for around 20% of the site’s generation, reducing diesel consumption and CO2 
emissions by 5 million litres per year and 12 000 tonnes per annum respectively [18]. The results 
from this project give a clear indication of the positive impact that hybridisation of RE technologies 
with fossil generation power plants within the resource sector can have on the environment.  
  
The operation at the Mine Site at which this report is based shares similarities to the DeGrussa mine 
site with both sites using diesel fired engines on site for generation. Although the scale of operation 
is smaller at the DeGrussa mine site, the Mine Site could potentially experience the same benefits by 
implementing the RE power system and achieve a reduction in the amount of fossil generation 
required to meet the site load demand.  
 
The Commonwealth Renewable Energy Target (RET) is critical to the deployment of RE in Australia. 
The Large Scale Renewable Energy Target (LRET) requires 33,000 GWh of new generation annually 
from large scale renewable energy by 2020 [19].The proposed large scale RE power system within 
the Mine Site is a project that could potentially contribute to the nations RET. As shown earlier, the 
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DeGrussa project is a sound example of how mining companies can successfully implement RE and 
may give other mining companies the incentive to consider RE for their site generation. Further, it is 
through successful clean energy projects, such as the afore-mentioned, which has provided the 
incentive for this paper. 
3 Design   
3.1 Natural Gas 
Natural gas (NG) is used to fuel the gas turbines at the PPS. The gas delivered to site consists of a 
mixture of hydrocarbons with methane being the main constituent, along with a significantly smaller 
portion of ethane and propane.  The amount of gas delivered to site is nominated depending on the 
site load requirements and is purchased in terms of Tera Joules (TJ).  The exact price in which the 
site pays for gas and diesel fuel used within both the PPS and SPS is commercially sensitive, 
therefore relatively accurate data within Table 2 has been provided to use within the simulations. 
Fuel Type Cost($) 
Gas 2500/TJ 
Diesel 0.7/L 
Table 2: Fuel Pricing 
3.1.1 Natural Gas Constituents 
The net heating values associated with the natural gas fuel delivered to the Primary Station have 
been used as a basis for the simulations within the report. The heating value is used to assess the 
energy released from the total ideal combustion of the gas at a standard temperature and pressure 
[20]. Due to the fact that gas fuel contains hydrogen, once combustion of the fuel occurs water is 
produced. The net heating value can be represented as either a lower heat value (LHV), or in terms 
of a higher heat value (HHV). The difference between the two energy rates is that the LHV assumes 
the water produced within the combustion takes a vapour state, whilst the HHV assumes that the 
water produced as a result of combustion takes a liquid state [20]. A complete combustion 
experienced within a chamber is demonstrated within Figure 7 [21], indicating the vapourized H2O as 
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the lower heating value and the liquid H2O representing the higher heating value. Below is Equation 
3 [22] which is used to determine both heat rates: 
𝐻𝐻𝑉 = 𝐿𝐻𝑉 + (𝑚ℎ𝑓𝑔)𝐻
2𝑂
 
Equation 3: LHV calculation  
With: 
m =  mass of water in the product per unit mass of fuel.  
hfg = latent heat of vaporization at specified temperature.  
 
Figure 7: Net Heating Value [21] 
The natural gas that is delivered to the site to fuel the turbines is analysed before it is sent through 
to the PPS. The data from the analysis is shown in a data table on the SACDA control screens, which 
is updated on a daily basis. Information from the data table including the LHV and HHV, which is 
expressed in MJ/kg and relative density of the gas, has been used within conversions as inputs into 
the HOMER software to create realisitc simulation results for gas fuel consumption. The gas 
delivered to site has a realtive density of 0.653. This equates to a density of: 






The simulation software required a lower heat value (LHV) in MJ/kg and a price of natural gas in 
terms of $/kg. The data table on the SCADA control screen of the power station was again used to 
obtain information on both heating values, with the HHV used to equate the price of the fuel in units 
of $/kg.  
The LHV = 19567 BTU/lbs, this converted to:  




For the HHV unit conversion was not nessacerry, with a value of: 




The price of the natural gas fuel from Table 2 was used to convert the price of the fuel into cost per 
mass value so it could be used as an input into the HOMER software: 




Further, data has been collected over a 12 month period to give an indication of the average hourly 
fuel consumption required to run the GT’s at the power station. From the annual data presented, 
within Table 13, it was found that on average the unit consumed 0.355 TJ of gas per hour, with an 
annual energy consumption of 2391.58 Tjs for the year of 2016. 
3.1.2 Gas Consumption Power Output Relationship 
The amount of natural gas consumed by the GT is proportional to the output of the unit. By creating 
trends monitoring the mass flow rate of gas through the GT’s gas metering valve, the real power 
being produced by the unit was able to be recorded. To demonstrate the proportionality between 
the gas consumed and the power output of the unit data sets were obtained and plotted using Excel; 
the relationship is shown in Figure 8. The graph shows the proportional relationship between the 
natural gas consumption and the active power output of the unit. The data was taken from 4th 
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March 2017 and gives a clear indication of the natural gas requirements of the gas turbine. As the 
turbine varies its ouput to deal with fluctuations in the load the amount of gas consumed is 
proportional to the power output of the generator.  
 
Figure 8: GT1 Fuel Consumption and Power Output Relationship 
3.2 Water Usage 
The quantity of demineralised water used when an additional unit is running in Sprint mode will be 
looked at to determine the potential water savings the site could benefit from if a solar energy 
power system was to be integrated as an alternative to the Variable Sprint. According to GE 
specifications, when the variable Sprint water injection system is activated, an additional unit will 
consume water at a minimum water flow rate of 19 l/min and a maximum water flow rate of 114 
l/min [6]. The daily water consumption range for the additional unit to operate in Sprint mode 
equates to: 
𝑄𝑚𝑖𝑛 = 27360 𝑙𝑖𝑡𝑟𝑒𝑠/𝑑𝑎𝑦 















































GT1 Real Power & Gas Flow Rate Comparison 
Gas Flow Rate (lbs/Hr) GT1 Power (MW)
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Trends were set up to monitor the flow rate of water through each of the Sprint flow control valves 
to determine the accuracy of the limits stated within the GE specifications. The range of 
demineralised minimum and maximum flow values were confirmed, with Figure 9 and Figure 10 
illustrating the required flow rates required for GT1 and GT2 respectively. 
 
Figure 9: GT1 Sprint Water Flow Rate 
The graph shows that GT1 injects 14 gallons/minute (GPM) of demineralised water into the unit 
once Sprint mode has been enabled. When converted to SI units the metric water flow rate 





For GT1 to operate in variable sprint mode over a 24 hour period would require 76406.4 litres of 
demineralised water per day.  
Figure 10 shows that water flow rate through Sprint water control valve for GT2 fluctuates between 
13 and 14 GPM. Therefore, the maximum total flow rate of demineralised water for both GT1 and 































Figure 10: GT2 Sprint Water Flow Rate 
As can be seen in Figure 11 the control valve for GT3 Sprint skid also fluctuates with a resulting water 
flow rate between 12GPM and 13 GPM, which equates to between 45.42 litres/min and 49.21 
litres/min. This indicates that GT3 requires a slightly less flow rate of water per minute compared to 
the other two units; nonetheless, this still results in a daily demineralised water intake of between 





























Figure 11: GT3 Sprint Water Flow Rate 
To indicate the water requirements when operating the gas turbines in Variable Sprint mode over 
certain periods of time, the water flow rate requirements from GT2’s Sprint water control has been 
used within Table 3. The results are based on the Variable Sprint system being in operation 
continuously over a given period of time, with an average value of 13.5 GPM of demineralised water.  
The results show that having the additional gas turbine operating in Sprint control mode has the 
potential to consume an additional 26.89 million litres of demineralised water per year. 
GT2 Potential Demin. 
Water Usage 
Time Usage (Litres) 
Minute                     51.17  
Hour               3,069.90  
Day            73,677.60  
Year    26,892,324.00  
Table 3: Variable Sprint Potential Water Usage 
A substantial amount of water is discarded through the treating process before it can be classified as 
demineralised. The amount of discarded water was not taken into consideration when calculating 





















GT3 Sprint Water Flow Rate
GT3 Sprint Water Flow Rate
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discarded water been taken into consideration here, the values would be greater than those 
presented within Table 3.   
When the gas turbines are online, the units require a continuous supply of basin and demineralised 
water for emissions control and cooling. Although the consumption of demineralised water is 
increased with the GT’s operating in variable sprint mode, it is difficult to accurately determine the 
amount of additional power the water treatment plant requires to supply demineralised water to 
two GT’s when operating in Variable Sprint mode. Therefore, this research has not taken into 
consideration the energy requirements of the water treatment plant. 
3.3 RE Power System Consideration 
3.3.1 PV Modules 
The PV solar cell converts solar energy into DC electricity. Due to the high levels of solar exposure 
experienced within the Pilbara region the proposed RE integration into the Mine Site’s network will 
comprise of a utility scale sized PV array. In recent time, the types of PV modules have dramatically 
improved their performance and reduced their costs making them more of an attractive source of 
generation [23]. Although solar exposure is at desired levels, due to its geographical location the 
region also experiences some of the hottest temperatures within the nation. As a PV module 
experiences an increase in temperature it produces an IV curve with a slightly increased short circuit 
current and a significantly decreased open circuit voltage. This impacts the maximum power output 
by -0.004/°C for silicone cells [24]. Therefore, consideration has to be given to the temperature 
coefficient before implementing a PV module at the Mine Site. 
3.3.2 Battery Energy Storage System (BESS) 
Battery energy storage has been given some consideration for the proposed RE system to generate a 
more reliable and consistent source of power. Power fluctuation can occur rapidly due to the 
intermittent nature of RE, which in turn can create stability problems for the network. To combat 
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this, battery storage can be installed to smooth the fluctuated output of a typical PV system. 
Consequently, making it easier to feed into the electricity network, as well as being able to store 
excess energy on days with heavy cloud cover. The possible positive impact of BESS is highlighted in 
an IRENA Report depicted in Figure 12 [25]. This report emphasises the battery’s ability to smooth 
out a fluctuating PV output. The red waveform illustrates the normal output of a centralised PV 
system on a Hawaiian island; the smooth blue waveform is a result of the PV output when combined 
with power from a battery system. The black plot at the bottom of the graph depicts the charging 
and discharging behaviour of the battery power.  
 
Figure 12: Battery Smoothing Example [25] 
3.3.3 Advantage of Hybrid System 
The battery storage landscape in the electricity sector is moving away from the former market and 
has shifted towards lithium-ion batteries [25]. Due to its performance advantages and its proven use 
within projects such as the DeGrussa project previously described in section 2.8, lithium-ion 
batteries have been the primary focus for energy storage for the proposed hybrid power system 
presented within this project. Another attractive reason for pursuing lithium ion as a type of battery 
storage is that there are expectations within the market place that this product will experience more 
dramatic cost reductions within the near future, as several companies rapidly scale up their 
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production of this product [26]. A positive aspect of creating a hybrid network is that the BESS can 
maintain a high level of charge throughout the year. Problems can arise with many PV powered 
batteries when batteries are exposed to long periods at a low state of charge, which typically occurs 
during the winter months [27]. 
3.3.4 Power System Location 
The positioning of the power system has a large bearing on the outcome of the research. 
Consideration has been given to two areas of the mine site that have sufficient space for a utility-
scale PV array.   
3.3.4.1 Village 
The Village is an area of the site that accommodates for the needs of the mine’s workers. During the 
summer months the Village feeder is vulnerable to faults due to thunderstorms which can lead to a 
blackout situation at the Village. However, should the RE power system be connected at some point 
along the Village feeder, the Village may be able to maintain power in an islanded scenario. As well 
as being able to feed into the grid under normal conditions the proposed RE power system has the 
potential to serve as a micro-grid. The northern region of Figure 13 has been circled to indicate a 
proposed location for the PV array. Synchronisation to the distribution network could occur at the 
415V bus within one of the Village substations, where the RE would be injected into the grid. 
However, to determine the stability of the system, additional research has to be conducted before 




Figure 13: Proposed PV/BESS location at Village 
The Village high voltage feeder is protected by CB3. From the transmission overview previously 
shown in Figure 1, this circuit breaker is powered by the 11kV bus at the SPS. Although fed from the 
SPS, under normal operating conditions CB3 receives power from PPS with the option of receiving 
power from diesel generators if the Interconnect feeder is interrupted, thus creating an island 
scenario. The Village supply is stepped down through a series of voltage transformers before 
supplying several distribution sub stations at the low voltage of 415 volts. 
To ensure the proposed RE power system has the capacity to power the Village in an islanded 
situation, data for the Village feeder was recorded over an annual period (2015-2016) from CB3 at 
the 11kV bus. The data was filtered to remove any errors and categorised into seasons to observe 
any changes within the load throughout the year. As can be seen in Figure 14, the load profile 
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demonstrates a similar trend throughout the year, showing an increase in the load during daylight 
hours and a drop in the load when energy from the sun isn’t available.  Analysis of the load profile 
illustrates that the Village load peaks in the autumn period at approximately 4PM at 1.83MW. 
 
 
Figure 14: Village Seasonal, Daily Load 
3.3.4.2 Primary Power Station 
The other location considered for the positioning of the PV system is at the PPS. Having the RE 
power injected into the grid at the power station has the advantage that a large portion of the 
infrastructure required to distribute the RE is already in situ, such as vacant cubicles on the 33kV bus 
that can accommodate protection requirements for the PV feeder. At the PPS all generation is 
synchronised at the 33kV bus, synch relays ensure that phase angle, voltage and frequency are in 
check before power is fed into the network. There is a spare 11kV/33kV step up transformer in place 
at the station that could potentially accommodate for the required connection of the sustainable 
power source.  The circle located on Figure 15 highlights that there is considerable space for the 
installation of the PV array, hence limiting the detrimental effects that shading has on the power 














































































































Figure 15: Proposed PV/BESS location at the PPS 
Furthermore, before any additional consideration can be given to the suitable point of attachment 
into the transmission grid for the RE power system, a stability analysis must be conducted to 
determine what impact the RE penetration will have on the existing transmission grid. The stability 
effects that the proposed RE power system may have on the transmission network has not been 
considered within this research. However, with reference to the Mine Sites schematic drawings, the 
transmission network can be modelled within computer software such as DIgSILENT PowerFactory. 
The results of the software would determine the suitability of the point of attachment by 
highlighting the areas of the grid which require attention and the high voltage components within 
the network which require an upgrade before the transmission grid would be able to support the 




3.4 Simulation Evaluation 
3.4.1 Load Profile 
Due to seasonal changes the magnitude of the site load experiences some fluctuates through the 
year. As demonstrated previously, the site experiences peak loads during summer operation. 
Therefore, to develop a load profile that would require the gas turbines to operate in Variable Sprint 
mode, the load requirements for December to February were extracted from the data set.  The 
summer data was then filtered to remove any values below 70MW, as values below this power 
output indicate the site is operating during a shutdown period or during a downtime for some of the 
site’s major machinery, such as the processing mills.  The resulting data was then segregated into 
hourly data and averaged. These values have been used to create a realistic load profile used to 
model the requirements of the proposed hybrid power system which is illustrated in Figure 16.  
 
Figure 16: Site Load Profile 
The average summer load profile shows that as the load begins to decrease after 3AM but then 
experiences a spike in demand at 10AM and again at 12PM – 2PM. The spikes in the load profile 






























that does not have a distinct pattern. Further, the time of day has little impact on the behaviour of 
the profile but rather the processing equipment which is online at the time dictates the magnitude 
of the site load.  
Although the load within the summer period has the potential to demand a power output of 97MW 
from the PPS as shown in Figure 3, a load of this magnitude could not be supported with two GT’s 
operating in variable Sprint. This would require the third standby unit to be brought online. 
Therefore the load profile depicted within Figure 16 has been used for the design basis of the 
simulations within the report. 
3.4.2 Solar Exposure 
The Pilbara region experiences high levels of solar exposure consistently throughout the year. To 
gain an insight into the level of solar radiation in that the Pilbara region experiences a map from the 
Bureau of Meteorology was obtained is presented within Figure 17 [28]. This illustrates the average 
solar exposure Western Australia experiences over a 12 month basis. Like most of the northern area 






 of solar radiation per year, which is at a significantly 







Figure 17: Western Australia Solar Exposure [28] 
When looking at the DeGrussa case study earlier in the paper it was found that the mine site was 
able to successfully integrate solar power into their transmission grid due the level of solar exposure 
experienced. Table 4 looks at the solar energy levels experienced within the Pilbara region and 
compares it to the DeGrussa area. This data was obtained from the NASA Meteorology and Solar 
Energy website with consideration given to the titled position from the longitude angle for each site 
[29]. The geographical coordinates for the DeGrussa site were given at 25.54  S̊, 119.32  E̊ and the 
coordinates for the Mine Site at 21.0  S̊, 119.0  E̊. Both sets of coordinates were used as inputs into 







Monthly Average PSH 
Month 
Mine Site 
 21 Degree Tilted 
Surface 
DeGrussa 25 Degree 
Tilted Surface 
Jan 6.56 6.94 
Feb 6.15 6.58 
Mar 6.23 6.29 
Apr 6.12 5.69 
May 5.56 5.13 
Jun 5.04 4.94 
Jul 5.64 5.32 
Aug 6.59 6.41 
Sep 7.01 7.2 
Oct 7.07 7.35 
Nov 7.03 7.25 
Dec 7.50 7.08 
Average 6.38 6.35 
Table 4: Pilbara v Degussa Average Solar Radiation    
Due to their geographical locations, both mine sites experience similar solar radiation exposure. The 
Mine Site experiences a slightly higher annual average of 6.38 PSH compared to that of the DeGrussa 
site at 6.35 PSH. This illustrates that the Pilbara experiences a level of solar exposure consistent with 
that of the DeGrussa site, indicating that the Mine Site referred to in this paper may too implement 
a successful PV power system into its fossil fuelled distribution network. 
3.4.3 Equipment Pricing 
For each of the simulations within the HOMER software the total NPC associated with each power 
system is based upon a 25 year project life span, a 2% inflation rate and is calculated in Australian 
dollars. The capital costs have been excluded for the conventional diesel and gas fired engines, due 
to the generators already being operational on site. However, data has been obtained for the capital 
costs associated with the installation of the Variable Sprint system. The capital cost included the 
material and labour required to upgrade the Sprint system into a variable capacity and has been 
listed within Table 5. A total cost of just over $800,000 was required to complete the upgrade. The 
low price for such a system has been attributed to good planning which allowed the project to be 
completed in a timely manner. 
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Variable Sprint Capital 
Commissioning Services $        200,000 
Electrical Material  $          12,060 
Sprint Material $        620,000 
Capital Total $        832,060 
Table 5: Variable Sprint Capital Costs 
Other costs that have been considered include the replacement costs for the RE components within 
the system that have a shorter lifespan of 25 years and the return costs involved with the salvage of 
these components where applicable. To generate accurate results further research has been 
conducted to find the capital and operations & maintenance costs associated with each major RE 
component within the hybrid system [30],[31],[32],[33],[34]. These prices have been kept constant 
throughout the simulations and are listed within Table 6. 






PV  $      1,150.00   $     21.00  
BESS  $  566,891.94   $       9.19  
Converter  $  158,000.00   $     21.00  
Table 6: System Costing 
Specific pricing for PV modules with higher temperature coefficients have not been considered when 
determining the capital costs. This may cause an increase in the NPC for the RE hybrid systems. 
3.5 Case Scenarios 
To determine the power system best suited to increase the Mine Site’s generation capacity, four 
systems have been designed and simulated using the HOMER software. Case 1 models the power 
station running in Variable Sprint operation. The remaining three cases have been used to model the 
proposed hybrid power system with the RE integration. The fossil generation capacity in each of the 
hybrid cases has been reduced by 4MW, with 4MW of RE in the form of a PV array introduced as an 
alternative. Each individual case scenario is explained with an overview on the design of the system, 
and the capacity ratings for each component in the following section. 
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3.5.1 Case 1: Variable Sprint Operation 
3.5.1.1 Design 
As the variable Sprint system has only recently been installed there is no accurate data on how 
frequently the system will operate over a 12 month period. However, for the benefit of the 
simulation, an assumption has been made that the Variable Sprint system will be operated 
consistently throughout the year. Figure 18 gives an overview of the design used within the HOMER 
software to help analyse the gas turbines operating in Variable Sprint mode. 
 
Figure 18: Case 1 System Overview 
3.5.1.2 Capacity 
When the GT’s are operating in a Variable Sprint configuration both units are running close to their 
rated capacity output. Therefore to model the Variable Sprint operation the capacity of the GT’s has 
been set to 47.78MW. Having the units running at this capacity has allowed the HOMER software to 
calculate variables of interest such as fuel consumption and generated emissions. The parameters 
obtained from the Case 1 simulation have then been used as a base to compare the feasibility of the 
RE integration for the following 3 cases.  
3.5.2 Case 2: GT/DG - PV Hybrid System 
3.5.2.1 Design 
Case 2 introduces the Site’s diesel generation, along with a PV array into the transmission network. 
The system in this case, has been primarily designed to determine the feasibility of operating a 
hybrid power system with both forms of fossil generation available on site. Figure 19 illustrates the 
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major components which make up the system. A bi-directional converter has been incorporated in 
order to integrate the DC energy generated with the PV array into the AC network. 
 
Figure 19: Case 2 System Overview 
3.5.2.2 Capacity 
The generation capacity of GT2 has been reduced by 4MW to 43.78MW, with the integration of a 
4MW PV array being integrated into the system. To determine the impact that the Site’s diesel 
generation may potentially have on the system, 2.5MW of diesel generation has been included into 
the system by introducing DG7. The power systems bi-directional converter has a capacity of 
4.1MW.  
3.5.3 Case 3 GT - PV/BESS 
3.5.3.1 Design 
 The simulations involved within Case 3 have been designed to determine the impact a lithium-ion 
BESS has on the RE integration. The storage system has been included and the diesel generator DG7 
has been removed, therefore creating a hybrid network consisting of the GT’s, a PV array and a 





Figure 20: Case 3 System Overview 
3.5.3.2 Capacity 
Case 3 consists of the GT1 and GT2 operating at 47.78MW and 43.78MW respectively. In terms of 
the RE aspect the PV array of 4MW and bi-directional converter of 4.1MW remains although the 
system has an inclusion of a 4.8MW lithium ion BESS. 
3.5.4 Case 4 GT-PV 
3.5.4.1 Design 
By removing the BESS, Case 4 is modelled on running the GT’s with a stand-alone PV array, the 
overview of the system is illustrated within Figure 21. 
 
Figure 21: Case 4 System Overview 
3.5.4.2 Capacity 
The capacity rating of the PV array and both turbines are the same as those used in Case 3. This 




3.5.5 Case Scenario Summary 
Table 7 gives a summary of the generation capacities which were established within each case 
scenario. 











GT1 47.48 47.78 47.78 47.78 
GT2 47.78 43.78 43.78 43.78 
DG7 - 2.5 - - 
PV - 4.0 4.0 4.0 
BESS - - 4.8 - 
Converter - 4.1 4.1 4.1 
Table 7: Case Scenarios Capacity Overview 
The main focus of the simulation results has been to analysing the NPC of each case and the 
associated emission levels. To identify the amount of generation each component contributes to the 
load profile, the generation contribution of each component makes within the system and the 
resulting fuel consumption requirements will be analysed. Further, the results for each case will take 
the following order: 
1. Costs Analysis 
2. System Generation 
3. Fuel Consumption 
Additionally, there are several graphs depicting the power output that each component contributes 
to the overall System Generation section for each case. When analysing graphs, the legend within 







AC Load    
GT1   
GT2   
DG7   
PV    
Inverter   
Table 8: Power Output Legend 
4. Results 
4.1 Case 1: Variable Sprint 
4.1.1 Cost Analysis  
The capital costs involved with the Variable Sprint installation from Table 5 have been added to the 
NPC results from the HOMER cost analysis simulation shown in Figure 22. The total system costs are 
displayed within Table 9. For the variable Sprint system to operate consistently over a 25 year period 
would result in a combined total of $461.99 million, this equates to annual cost of $18.48 million per 
year over the course of a 25 year project lifetime.  The levelised COE of the system shows that the 
average cost per kWh equates to $0.04862. 
 





Table 9: Case 1 Overall Cost Summary 
The water consumption results shown previously within Table 3 are also included within Table 9. If 
GT1 or GT2 were to operate as the second unit in variable Sprint consistently over a 12 month 
period, a total of 26.89 million litres of water would be required. This would then mean that the 
water consumption over a 25 year project lifetime would potentially add up to 672.3 million litres of 
deminerilised water with the extra GT operating in Sprint control mode. 
4.1.2 System Generation 
Figure 23 illustrates the electrical generation involved within the system, with GT1 making up 
57.05% of the required ouput and GT2 used to alter its output to deal with fluctuations of the load 
and making up for 42.95% of the load.   
 
Figure 23: Case 1 Electrical Capacity 
 
Component Capital Replacement O&M Fuel Salvage Total Water (L)
GT1 $0.00 $0.00 $54,108,482.48 $201,348,890.85 $0.00 $255,457,373.33
GT2 $0.00 $0.00 $54,108,482.48 $151,594,433.69 $0.00 $205,702,916.17
Variable Sprint
System
$832,060 $0.00 $0.00 $0.00 $0.00 $832,060 26892324/year
System $832,060.00 $0.00 $108,216,964.96 $352,943,324.54 $0.00 $461,992,349.50 672308100/25 years
Case 1: Variable Sprint System 
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Figure 24 gives a 24 hour overview of the generation requirments for Case 1. With reference to the 
legend within Table 8, the site load profile is represented by the red plot, GT1 by the purple trend 
and GT2 by the orange trend. The graph indicates that GT1 operates at a constant base load of 
47.78MW and GT2 alters its output to suit the flutuactions within the load profile.  
 
Figure 24: Case 1 System Power Output 
4.1.3 Fuel Consumption 
Figure 25 gives an overview of the fuel requirements of the gas turbines in order to supply 
generation to the load profile. The HOMER simulation results indicate the turbines will consume 
approximately 58.3 tonnes of gas on a daily basis. Using the LHV of 45.58 
𝑀𝐽
𝑘𝑔
 of the gas which is 






The results show a potential annual fuel consumption of 9699.0 
𝑇𝐽
𝑦𝑒𝑎𝑟
 if the power station was to 
operate in Variable Sprint control mode consistently throughout the year. For the following three 
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case scenarios the lower heat value of the gas will be used to convert the mass of fuel consumed 
into an energy rating for further analysis.  
By using the annual fuel consumption and the annual electrical capacity from Figure 23 the efficiency 
of the gas turbines can be calculated: 








 = 27.2% 




Figure 25: Case 1 Fuel Summary 
4.2 Case 2: GT/DG – PV 
4.2.1 Cost Analysis 
With the introduction of the diesel generator and PV, the total system cost for Case 2 over the 25 
year lifetime adds up to $462.56 million. This equates to an annual cost of $18.50 million per year 
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over 25 years to integrate solar power into a system whilst operating both the diesel and gas 
generation available onsite. Figure 26 gives a breakdown of the costs associated with the system and 
indicates that the levelised COE associated with the system is $0.04879, indicating it requires a 
greater cost to operate this system in comparison to Case 1.  
 
Figure 26: Case 2 Cost Analysis 
 
4.2.2 System Generation 
Figure 27 shows the magnitude of the load profile supply heavily depends on the operation of the 
GT’s. As is shown, DG7 is seldom used within the power system, contributing only 0.06% of 
generation. The idea that the diesel engine makes such a poor contribution when supplying 
generation, gives a strong indication that the gas turbines are a more cost effective and efficient 
generator. The power output parameters of the PV array shown in Figure 53 contained in the 
appendix section, remain consistent throughout the hybrid simulations. The PV integration 
contributes 1.02% of the total power output, with the RE aspect of the system contributing a mean 
output of 851.61 kW. The RE fraction of the hybrid systems remains constant also at 1% with the 




Figure 27: Case 2 Electrical Generation 
To analyse the amount of power each component supplies to the site load a 24 hour snapshot has 
been included within Figure 28. The top plot shows the load profile and the gas generation. The units 
operate in a similar manner to Case 1, although GT1 has a reduced base load set point of 43.78MW 
and GT2’s output continues to vary to accommodate for load fluctuations.  
The bottom graph shows the output power of the inverter in navy blue and DG7 in yellow. The diesel 
is brought online for 1 hour intervals in the morning and the evening to deal with peaks in the load 
The PV array begins to generate around 5AM, with a peak output of 3.45 MW at 11AM. The output 
of the array then begins to decrease after and ceases generation at approximately 6PM. This 
generation pattern is repeated throughout the year, with the peak of the inverter power increasing 
and decreasing depending on the solar exposure of the day. The mean electrical output of the 
inverter is 851.61kW. Figure 49 in the appendix shows the DG engine operating twice per day 





Figure 28: Case 2 System Power Output 
4.2.3 Fuel Consumption 
For this case the natural gas and diesel fuel system has been analysed separately.  
4.2.3.1 Diesel 
The generation section established the fact that the most feasible way to integrate the DG into the 
system was to have it operate twice per day at a peak output of 625kW. In doing so the amount of 
diesel fuel required to operate over a 24 hour period is 375 L/day, equating to an annual 




Figure 29: Case 2 Diesel Fuel Summary 
4.2.3.2 Natural Gas 
For the power system to supply the given load Figure 30 indicates the daily fuel consumption total 
would equate to 577,292
𝑘𝑔
𝑑𝑎𝑦





To translate this into an annual amount equates to 9604.2
𝑇𝐽
𝑦𝑒𝑎𝑟
. When compared to Case 1, with the 








Figure 30: Case 2 Natural Gas Fuel Summary 
 
4.3 Case 3: GT – PV/BESS 
4.3.1 Cost Analysis 
The total costs associated with the integration of a proposed RE power system containing 4.8MW 
worth of battery storage equates to $466.33 million over a 25 year project lifetime. When broken 
down to annual cost, the system results in just over $18.65 million per year, over the 25 year 
lifetime. The introduction of the BESS creates an increase in energy cost to $0.04917 per kWh of 





Figure 31: Case 3 Cost Analysis  
 
4.3.2 System Generation  
The main objective for the Case 3 simulation is to determine the impact the battery storage system 
has on the RE integration of the site. When analysing the electrical generation overview in Figure 32 
it indicates that the addition of the BESS has had little to no impact when combined with GT1. 
However, whilst operating at a base load of 43.78MW, GT2 continues to fluctuate with the PV array 
again contributing 1.02% of the total power output to the system. Further analysis of Figure 50 
within the appendix shows that the BESS state of charge remains at 100% throughout the year and 
contributes no generation to the site load.  
 
The simulation has shown that with a peaking load profile of this nature BESS is not required and 
only increases the NPC for Case 3. A larger input from the BESS may have been required if the load 
onsite had been increased to a level that surpassed the generation capacity of the two GT’s. At that 
point the system may have required the BESS to account for any shortfall in generation capacity.  
Further, if the primary source of generation onsite was from diesel fired generators the power 
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requirements from the BESS would more than likely have changed due to the operational costs of 
running the diesel engines. 
 
Figure 32: Case 3 Electrical Generation  
 
A 24 hour snap shot for the system operating on the 14th of November is shown within Figure 33. 
The results are similar to Case 2 where the top graph shows the behaviour of the gas turbines and 
the bottom gives the RE generation. Furthermore, insight into the contribution made from the 
battery storage is shown in the bottom graph, with the black plot illustrating the state of charge of 
the batteries and the power output of the batteries represented by the light blue plot.  
When looking at scale on the right hand side it can be seen that the batteries remain charged 
continuously throughout the day. The power output of the batteries also remains at 0. This trend is 
common throughout the 12 month period, therefore highlighting the fact that the BESS makes no 
contribution to the system. The trend of the RE penetration for Case 2 is repeated as the PV array 
begins to generate just before 5AM, peaks at 11AM then decreases generation until around 6PM 






Figure 33: Case 3 System Power Output 
4.3.3 Fuel Consumption 
The total mass of natural gas consumed by the GTs when supplying generation to the load is given in 
Figure 34, at 577,654
𝑘𝑔
𝑑𝑎𝑦





This equates to an annual gas reduction of 88.76 
𝑇𝐽
𝑦𝑒𝑎𝑟
  when integrating the RE components into the 





Figure 34: Case 3 Fuel Summary 
4.4 Case 4: GT – PV 
4.4.1 Cost Analysis 
With the integration of RE in the form of a PV array only and the operation of the gas turbines the 
hybrid system overall price is reduced to $461,070,506.40. The annual costs for the proposed system 
within Case 4 equate to just over $18.44 million per year over a 25 year project lifetime. With the 
removal of the BESS the systems levelised COE is reduced to $0.04864.  
 
Figure 35: Case 4 Cost Analysis 
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4.4.2 System Generation 
As the BESS within Case 3 had no impact on the system, the electrical overview for Case 4 displayed 
within Figure 36 results in the same power outputs for each component.   
 
Figure 36: Case 4 Electrical Generation 
Additionally, the behaviour of the system over a 24 hour period is the same as Case 3, although the 
bottom graph within Figure 37 indicates that there are some power losses within the RE system. This 
is identified by the amount of power generated by the PV array, represented by the green plot and 
the output of the inverter, represented by the navy blue plot. The largest loss within the system 
occurs at the peak of the power output at 11AM. Over the 24 hour period the largest difference 
between the generation from the PV array and the power output of the inverter amounts to 
382.75kW. This shows that the RE aspect of the power system experiences significant losses. There 
are several reasons why the system may have experienced such a significant power loss in the power 
generated by the PV and the power output of the inverter. The main factor is that the efficiency of 
the centralised inverter used within the simulation has a default value of 85%. Furthermore, due to 
the power demand of the array, several modules are required to be connected into a series string, 
the strings are then wired into a paralleled configuration to achieve an array capable of generating 
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4MW [35]. Mismatch effects of the array can occur as the characteristics of each module may differ, 
this creates power losses within the array which is similar to the effects of shading [35]. Further, it is 
not clear the cross sectional area size of the DC cables used to connect the modules together nor the 
conductor size used to connect the PV array and the inverter, the system can experience significant 
losses due to the voltage drop across conductors. The amount of voltage drop is dependent on both 
the length of cable required to connect the PV array to the inverter and the cross sectional area of 
the conductor used for the connection.  
 
Figure 37: Case 4 System Power Output 
 
 
4.4.3 Fuel Consumption 
Figure 38 illustrates that this power system requires the same amount of fuel as the values within 
Case 3, with the gas turbines requiring a total of 577,654
𝑘𝑔
𝑑𝑎𝑦













Figure 38: Case 4 Fuel Summary 
4.5 Cost Summary 
The results show that the inclusion of the BESS to the hybrid power system within Case 3 had no 
impact on the average summer load profile. As the energy storage contributed excessive costs and 
increased the system’s levelised COE, Case 3 has been left out of further analysis. When comparing 
the GT’s operating in Variable Sprint mode within Case 1 with the two selected hybrid power 
systems within Case 2 and Case 4, it can be seen that the integration of a stand-alone 4MW PV and a 
4.1MW bi-directional converter, whilst operating the two gas turbines, is the most economically 
viable way to supply generation to the load.  
However, when comparing the average costs associated per kWh produced by the systems, Case 1 
has the lowest levelised COE at $0.04862, followed closely by Case 4 at $0.04864. This indicates that 
although Case 4 has the lowest NPC, it is slightly more cost effective to produce useful electrical 
energy to the average summer load profile with the gas turbines operating in Variable Sprint mode, 
shown within Case 1. Case 3 produced the highest levelised COE with the introduction of the BESS at 
$0.04917/kWh and by incorporating the diesel generators with the GT’s and PV array, Case 2 
resulted in a lower average energy rating than Case 3, at $0.04879/kWh.   
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Figure 39 compares the annual NPC associated with each system over a 25 year project lifetime. The 
graph indicates that if the PV array was to be integrated into the Mine Site’s transmission network, 
the site has the potential to reduce system costs by up to $36,873 per year over a 25 year period.  
 
Figure 39: Case Scenario NPC Comparison 
4.6 Emissions 
The amount of emissions each case scenario generated has been calculated within the HOMER 
software. The operation of two gas turbines at maximum capacity resulted in a total of 522,672 
thousand carbon tonnes per year, which is identified in Figure 59 presented within in the appendix 
section. Case 2 generated lower emissions at 517,924 thousand tonnes per year which is shown in 
Figure 60 and Case 4 experienced a further reduction, generating just under 517,900 thousand 
tonnes per year, with the HOMER results shown in Figure 61.  
As stated in section 2.5 the emission calculations involving gas generation have been made based on 
incorporating values from the emissions testing report presented within Table 1. Emission values 





























default values, used for the various greenhouse gases within the software, have been used. The 
study has concentrated on the carbon levels emitted from the exhaust of the fossil fired generators, 
which has been analysed by the amount of carbon dioxide released during engine combustion. 
Figure 40 compares the mass of CO2 associated with each of the three cases.  
From the graph it can be seen that the most environmentally friendly way to supply generation to 
the load is the Case 4 study, consisting of a GT-PV hybrid network. If this system was to be 
implemented the mine site has the potential to save up to 4,783 tonnes of carbon emissions per 
year. 
  
Figure 40: Case Scenario Carbon Emission Comparison 
4.7 Sensitivity Analysis 
A sensitivity analysis has been performed on the hybrid power system within Case 4. This was 
conducted to determine the relationship between the NPC associated with increasing the REF of the 




























lifetime has on the feasibility of the RE integration. A reduction in the project lifetime has been used 
to emulate a reduction in the operational mine life on site.  
4.7.1 Renewable Energy Fraction 
In order to increase the REF of the hybrid network the capacity size of the RE components must be 
increased to generate a greater amount of solar penetration into the network. The REF of the power 
system represented by Case 4 has been increased to demonstrate the impact on the feasibility of the 
RE integration, with an increase in the REF.  
 
Figure 41: Sensitivity Analysis REF v Annual NPC 
To achieve a 2.0% REF the design capacity of the PV array and the converter would have to double in 
size to 8.74MW and 8.33MW respectively. When integrated with the operation of the GT’s this 
system the NPC would be $4.04 million more expensive than that of the Variable Sprint system over 
a 25 year project lifetime.  Although the Site could experience a further decrease in carbon 
emissions, Figure 41 shows the feasibility results change as the RE components within Case 4 are 
upgraded in size to increase the renewable penetration into the grid. Additionally, it then becomes 



























4.7.2 Project Life 
In recent time the value of Western Australia’s resource industry has slumped, causing some 
uncertainty within the market [36]. Further, Figure 42 presents the feasibility of the RE integration, 
with a reduction in project lifetime. 
 
Figure 42: Sensitivity Analysis Project Lifetime v NPC 
  As the project lifetime decreases the salvage costs associated with the RE components of the hybrid 
system increase. This balances the upfront costs of the capital investment of the RE, which allows 
the power system in Case 4 to remain the most economical way to supply generation to the load 
when the lifetime of the project is shortened. The graph in Figure 42 shows that operating in 
Variable Sprint mode in Case 1 experiences slightly greater NPC with any sort of reduction in the 
project lifetime. The results of the HOMER simulations are highlighted for the lifetime variations for 

















Project Life v NPC
Case 1 Case 4
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5. Summary  
By simulating three different hybrid power system configurations the study was able to determine 
the most economic method of increasing the Site’s generation whilst operating both forms of fossil 
generation available onsite. The results of the Case 2 scenario revealed that the diesel generator 
increased the system’s running costs and carbon emission levels when introduced. Case 3 scenario 
highlighted that a battery energy storage system had no impact on the power system and its 
inclusion significantly increased capital costs, driving up the price for the systems NPC and localised 
COE. However, although the HOMER simulations showed the battery system had no effect on the 
average summer load profile, these simulation results have limitations as consideration has not been 
given to the potential benefits associated with incorporating a large BESS into the sites generation. 
As illustrated within Figure 5 when a GT is operating without chilled water, battery storage could be 
implemented for operation during daytime periods when the ambient temperature increases and GT 
maximum capacity decreases, allowing a more consistent level of spinning reserve over a 24 hour 
period. Additionally, a BESS could also be used to smooth out the load variations demonstrated in 
Figure 3 caused by the load characteristics of the winder. Further research is required to determine 
the suitability of installing a BESS at the Mine Site.    
 Case 4 resulted in the most economical method of increasing the Site’s generation capacity with the 
integration of a 4MW photovoltaic array with a 4.1MW converter. When comparisons are made 
between the hybrid power system from Case 4, to the operation of the Variable Sprint system 
represented by Case 1, it was shown that the power station can potentially decrease its natural gas 
consumption by up to  88.76
𝑇𝐽
𝑌𝑒𝑎𝑟
 . The reduction in fuel consumption results in a reduction in the 
Mine Sites carbon emission levels by up to 4,783 tonnes per year. In addition, by implementing a 
solar generation system the site can save up to $36,874 annually when supplying generation for the 
average summer load, over a 25 year period. In addition to the reduction in both fuel consumption 
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and carbon discharge, the Site has the potential to reduce its annual consumption of demineralised 
water by up to 26.89 million litres per year with the integration of RE.   
Significantly, the sensitivity analysis has highlighted the important point that as the REF of the hybrid 
system was increased, the operation of the Variable Sprint system became the more economically 
viable option of generation. Whereas the reduction in the project lifetime didn’t have the same 
consequences, with the RE hybrid system remaining the most cost effective method of generation as 
the project lifetime was decreased. This was largely due to the salvage costs associated with RE 
components. 
6. Conclusion  
In conclusion, the study has highlighted that the integration of a solar RE power system can be a 
feasible option to increase a mine sites generation capacity. Although the RE aspect of the hybrid 
network contributed a limited amount of power to the system it was shown to generate significant 
environmental benefits. In addition to lower carbon emissions, caused by a reduction in the power 
stations natural gas requirements, there is the potential to significantly conserve water 
consumption. A particularly valuable commodity given the location in this study is geographically 
deprived of this critical resource. However, when comparisons are made on the performance of the 
Variable Sprint system and the proposed hybrid power system, the former has the advantage of 
being able to increase the sites spinning reserve regardless if solar irradiance is available when the 
additional power is required. Furthermore, the sensitivity analysis indicated that if the RE aspect of 
the hybrid power system was increased, in an attempt to have a greater impact on the Mine Site’s 
overall capacity, it would not be beneficial from an economic view point. Nevertheless, as 
photovoltaic research continues to advance and the price of RE continues to decrease, there is 




6.1 Future Works 
Before a project of this nature can be implemented into a mine site, a stability analysis would need 
to be conducted to determine the impact the RE penetration would have on the distribution 
network. Given this, the likelihood of additional costs related, not only to the stability analysis, but 
also additional costs associated with the potential capacity upgrade requirements related to the high 
voltage electrical distribution components, such as protection devices and transformers, would need 
to be considered.  Moreover, finalising the point of attachment for the proposed RE system will play 
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Average Hourly Load Profile 
Time Average >70MW 
0 71.26083 85.69120 
1 63.80900 82.74875 
2 72.25267 86.05737 
3 75.45522 87.12159 
4 68.23052 82.33047 
5 68.23864 81.19687 
6 62.71296 81.72004 
7 59.25516 82.21728 
8 60.20957 80.96421 
9 60.25670 81.10036 
10 68.98284 83.84337 
11 63.59499 80.43644 
12 63.28407 84.10000 
13 72.05848 84.10000 
14 72.39669 83.58937 
15 64.45778 79.44980 
16 67.39426 82.94056 
17 75.43206 85.50395 
18 75.75939 86.84641 
19 66.58422 82.64447 
20 71.66065 86.21027 
21 72.57818 86.71881 
22 72.01190 87.38647 
23 67.27048 84.44393 




Figure 43: Weekly Village Load Profile 
 




Figure 45: GT1 Summer Max Capacity v Ambient Air/Inlet Air 
 
Table 11: NASA DeGussa Solar Radiation Values  
 





Table 13: GT2 Gas Consumption 
 
 
Table 14: DG9 Fuel Consumption 
 




Jan 14.24 506 160.49 2016 0.317
Feb 12.36 419.6 136.9 2016 0.326
Mar 17.05 612.4 190.63 2016 0.311
Apr 16.24 690.6 223.81 2016 0.324
May 14.06 464.7 151.29 2016 0.326
Jun 27.63 719.9 283.29 2015 0.394
Jul 24.62 673 263.36 2015 0.391
Aug 25.74 630 254.78 2015 0.404
Sep 11.51 317.6 119.58 2015 0.377
Oct 19.88 566.8 210.41 2015 0.371
Nov 19.42 558.2 205.94 2015 0.369
Dec 17.53 540.4 191.1 2015 0.354
2391.58 Average 0.355
Primary Station Gas Turbine 2
Annual Consumtion
Month MWHrs Run Hours Fuel Consumed (L) Year of data L/Hr
Jan 8 4 2134 2016 533.50                  
Feb 4 2 1491 2016 745.50                  
Mar 44 15 10875 2015 725.00                  
Apr 16 8 4572 2014 571.50                  
May 188 70 49386 2016 705.51                  
Jun 92 51 25324 2016 496.55                  
Jul 92 40 23629 2016 590.73                  
Aug 24 11 4800 2015 436.36                  
Sep 28 15 8916 2015 594.40                  
Oct 12 6 3023 2015 503.83                  
Nov 36 14 9655 2014 689.64                  
Dec 4 2 1239 2014 619.50                  
145044 Average 601.00                  





Figure 46: Load Heat Map/Load Profile 
 









Additional Information Case Scenarios 
Case2: Introduction of DG 
 
Figure 49: Case 2 DG7 Running Parameters 
74 
 
Case 3: BESS Integration 
 
Figure 50: Case 3 BESS Parameters 
 










Case 4: GT – PV  
 

















Figure 56: 5 Year Project Lifetime 
 
 
















Figure 60: Case 2 Emission Discharge 
 
Figure 61: Case 4 Emission Discharge 
 
 
 
 
 
 
 
 
